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Introduction
Monitoring the physical properties of liquids is of great interest in many fields. For example, in the automotive industry, the real-time monitoring of lubricating oils is of crucial importance to determine their properties. lubricants are subjected to dilution with diesel fuel as a result of lateinjection processes, which are necessary for regenerating diesel particulate filters (lapuerta et al. 2012 ). This dilution can be determined by tracking the viscosity (µ) and density (ρ) of the dilution.
resonant structures are an interesting option in the determination of the viscosity and density of liquids. Previous reports suggest the use of structures with out-of-plane movement (Tamika et al. 2007) , although a more convenient approach is the use of structures with in-plane vibration modes (Jakoby et al. 2010 ). here we consider the use of two in-plane movement resonators for the monitoring of oil dilution with diesel and biodiesel fuels (Fig. 1) .
One of the resonators has been fabricated depositing aln film as the piezoelectric actuator and it is a state-ofthe-art micron-sized (1,000 μm × 250 μm) rectangular plate, actuated in the first extensional mode in the Mhz range (Manzaneque et al. 2012) . The second resonator is a commercially available millimeter-sized quartz tuning fork (Momosaki 1997) , working at 32.7 khz. It is commonly used as a frequency standard in real time clock circuits. Tuning forks have also been reported as sensors for measurement of various physicochemical properties of liquids such as density and viscosity (Waszczuk et al. 2011) .
With the goal of estimating the density and viscosity of a liquid, two key parameters characterizing the resonance have been measured: the quality factor and the resonant frequency. In a first stage, these parameters were derived from the electrical impedance spectra measured with a benchtop Abstract real time monitoring of the physical properties of liquids is of great concern in the automotive industry. For example, tracking the viscosity of lubricating oils is of great importance because they are exposed to dilution with diesel fuel as result of late-injection processes, which are essential for regenerating diesel particulate filters. here we describe two in-plane movement based resonators and their capability to assess oil dilution with diesel and biodiesel fuels. One of the resonators is a state-of-the-art micronsized aln-based rectangular plate, actuated in the first extensional mode in the Mhz range. The second resonator is a commercially available millimeter-sized quartz tuning fork, working at 32.7 khz. electrical impedance measurements were performed to characterize the performance of both resonators in various liquid media over a wide range of viscosities. These measurements were compared with the results obtained with low-cost electronic circuits also developed in this work. In order to track density and viscosity of different fluids we have measured two parameters by various techniques: the resonance frequency and the quality factor.
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analyzer. These preliminary results on the characterization of these two resonators, in various liquids, have been studied recently (Toledo et al. 2013) . In this paper, specific electronic circuits have been implemented to obtain the same variables by means of a virtual instrument and a data acquisition card, resulting in a compact, low cost, realtime monitoring system. although the resolution of these techniques may be enough in some cases, the impedance analyzer holds the lowest error in density and viscosity. With regard to the low-cost techniques, frequency response measurement and the transient analysis technique are compared in terms of the measurement error.
Measurement on fluids

Measurement setup
In order to register the performance of both resonators in different fluids a high precision agilent 4294a impedance analyzer was employed. Besides typical solvents, viscosity standards provided by Paragon Scientific were used (Paragon). The measurement setup with the impedance analyzer is presented in Fig. 2 .
In order to assure the full immersion of the resonators in the liquids under consideration, special cells were designed. In the case of the aln resonator, the device is attached to a printed circuit board (PcB), and microsoldering is used to connect the resonator electrodes to the copper pads of the PcB. Immersion is achieved by placing a drop of fluid on top of the device (Fig. 3) . however, for the tuning fork we have used a simple test tube. The bottom of the test tube is removed and the tuning fork is inserted through the bottom aperture, while the two pins of the tuning fork remain outside for the electrical connection. Silicone is used to attach the base of the tuning fork to the test tube. The impedance measurements, for the fluids in Table 1 , were developed at room temperature (25 °c) for both resonators (see Fig. 4 ).
In order to calculate the resonance frequency and the quality factor (see Table 1 ), the measured spectrum was fitted to a modified Butterworth-Van Dyke equivalent circuit parameters L and C are adjusted to minimize the difference between the calculated conductance and the experimental data for each frequency (cassiède et al. 2010) . although there exists a variation of the parameters L and C, the value of the resonance frequency undergoes no or little deviation as it is a function of the product LC, and an increase in L reduces C and vice versa. The error obtained from various consecutive measurements in the case of the tuning fork resonator for L and C were 2.24 and 2.26 %, respectively. however, the error presented in the resonance frequency was 0.02 %.
application of resonators as density-viscosity sensors
In order to assure the viability of both resonators as density-viscosity sensors, we have calculated both the quality factor and the square root of the product of the density and the viscosity of the liquids. a reasonable linear correlation is found (see Fig. 6 ), what demonstrates the viability of both resonators even for high viscous liquids. The fluids D5, n10, S20 and n35 correspond to viscosity standards by Paragon Scientific.
In order to estimate the density and viscosity values, a relationship between both quality factor and resonance frequency, against density and viscosity is required. Such study has been already reported for tuning fork resonators (Waszczuk et al. 2011; Zhang et al. 2002; Kokubun et al. 1984) and for extensional resonators (castille et al. 2010; Dufour et al. 2014) .
Following the procedure reported by Waszczuk et al. (2011) to solve the corresponding equations for both density and viscosity with the tuning fork, we have estimated two different constants, c µ and c ρµ , through a calibration from all the measurements previously carried out with the impedance analyzer, using various liquids whose viscosity and density are known (Wohlfarth and Wohlfahrt 2002) . The values estimated for C η and c ρµ were 1.02 × 10 13 and 195.32, respectively, in the viscosity range of 0.5-56 cP. Table 2 shows the estimated values of density and viscosity for the different liquids used in Fig. 4 . Theoretical values are also shown according to Wohlfarth ch and Wohlfahrt (2002) .
For the case of the extensional aln resonator, assuming a hydrodynamic force determined by the Stokes's second problem approximation, both quality factor and resonance frequency depend on the density-viscosity product, preventing the resolution of these variables separately (Dufour et al. 2014) . For the application of this resonator, the quality factor against the density-viscosity product has been fitted to a second order function in the reference liquids, determining coefficients in eq. (2), with the reported density and viscosity values. This approximation can then be used to determine viscosity from the measured quality factor in other liquids, if we assume a known density, as shown in the next section.
Density and viscosity measurements of lubricants and fuels
Our main goal is to apply these resonators to the analysis of the rheological properties of low-viscous automotive industrial fluids, such as lubricants and fuels. In the case of the lubricants, we paid attention to their dilution with diesel fuel. an automotive lubricant oil such as Sae 15W40 was used and a commercial diesel fuel supplied by cepsa was blended with the mentioned lubricant.
In the case of the fuels blends, it is of great importance to quantify the biodiesel content in biodiesel/diesel blends, since different contents will require a modification of diesel engine parameters for a clean and efficient combustion. To simulate different scenarios of biodiesel penetration, different diesel/biodiesel blends were prepared with biodiesel produced from animal fat, supplied by Stock del Valles S.l. Table 3 shows the values of density and viscosity deduced from the calibration obtained in point 2.2 for different diesel/biodiesel blends. The same can be seen in Table 4 for the different lubricant/diesel mixtures prepared. Both tables indicate also the quality factor and resonance frequency for the two resonators under study. In the case of the extensional resonator, the density has been assumed to be constant to allow the determination of viscosity from the measured quality factor.
The measurements of the viscosity and density for lubricants and fuels, as specified in the ISO 3104, were developed at 40 °c. Densities were measured by means of hydrometers submerged in a thermostatic bath at 40 °c (Tamson TV2000) following the method established in the standard en-ISO 3675. Viscosities were measured with modified Ostwald cannon-Fenske type viscometers, using the same thermostatic bath at 40 °c, following standard en-ISO 3104. as the viscosity increases, in both cases, there is a clear decrease of the quality factor that can be detected with the instrumentation.
Design of low-cost electronic circuits
all the previous measurements were taken with an impedance analyzer of high cost and dimensions. For applications requiring field or remote measurements, a compact, lowcost and precise enough approach is desirable (niedermayer et al. 2009; Ferrari et al. 2010) . Oscillators based on piezoelectric resonators may be a suitable choice, although their application with the low quality factors considered in this work is challenging, and only the frequency can be directly measured (Ferrari et al. 2008; Schröder et al. 2001) . In order to obtain the density and the viscosity of the fluids under test, measurements of the resonance frequency and the quality factor were carried out with the development of a Pc-based virtual instrument and low-cost electronic circuits. Once these two parameters are known, the viscosity of the fluids under test can be determined.
The design of the low-cost electronics is based on an open-loop topology (Fig. 7) . This circuit features a transimpedance amplifier (Ferrari et al. 2001) , necessary to convert the current signal delivered by the resonator to a voltage signal that is sampled by a data acquisition board (DaQ). The circuit was developed to measure the response of both the tuning fork and the aln resonators actuated in three different environments: air, 2-propanol and the viscosity standard by Paragon Scientific n35. The same measurements were complemented with an impedance analyzer in order to evaluate the performance of the open-loop electronic circuit.
low-cost electronic circuits for the tuning fork resonator
The measurement of the quality factor and the resonant frequency can be performed applying two different techniques. The first technique is based on a transient analysis (rodahl et al. 1996) . The excitation is performed with a multi-tone signal which was created with laBVIeW, from national Instruments, and applied to the resonator through a DaQ card (Wali et al. 2010 ). The DaQ board was also used to read the voltage signal output of the transimpedance amplifier. The multiplexer a (MUX a) in Fig. 8 is controlled by a TTl signal generated by the DaQ board. This TTl signal switches the multiplexer every second triggering the DaQ samples during the exponential decay. In this case the DaQ board registers the output of the transimpedance amplifier. The response is finally fitted to an exponential decay in labVIeW through the following equation.
This fitting allowed us to obtain the decay time constant and the quality factor through the next equation. The resonance frequency has also been calculated with labVIeW, dividing the number of peaks detected by the measured time interval (see Fig. 9 ).
The second technique is based on a frequency response function (FrF) (MUX a and MUX B closed in Fig. 8) . after processing the data with laBVIeW, the values of the resonant frequency and the quality factor were obtained applying a method developed by Marshall and Brigham (2004) . as it was reported, the Q-factor can be calculated from the impedance spectrum in the range of the mode peak according to:
where f − and f + are the frequencies that maximize and minimize the susceptance (i.e. imaginary part of admittance), respectively (Manzaneque et al. 2010 ). a remarkable difference in the value of the quality factor obtained in air using this technique and comparing it to Fig. 9 Transient response in both air and 2-Propanol the impedance analyzer measurements can be observed in (Fig. 10) .
3.2 low-cost electronic circuits for the aln resonator
The aln structure resonates at a frequency (3.8 Mhz) that cannot be generated with the DaQ card used in this work, whose maximum sampling rate is limited to 250 kS/s. For this reason a voltage-controlled oscillator (VcO) and a passive envelope detector were added to the system (Jakoby et al. 2005; riesch and Jakoby 2007) . The envelope detector includes a diode (BaT43), a resistance (1 MΩ) and a capacitance (100 pF). The VcO input is supplied with a sawtooth waveform generated with the DaQ card at a much lower frequency (nakamoto and Kobayashi 1994). The sawtooth waveform frequency is related to the Q factor of the sensor. The biggest decay time constant for the aln resonator (in heptane) is approximately 9 ms. It is clear that the period of the sawtooth waveform should be longer than the total decay time (5τ = 45 ms). In order to avoid problems with the oscillation decay we have used a sawtooth frequency of 1 hz.
In order to assure that the oscillator output frequency falls within the resonance frequency, different parameters of the VcO have been modified. a frequency counter (agilent 53131a) was employed to determine the open-loop allan deviation of the VcO, obtaining a value of 1.338 × 10 −5
which is much lower than the width of the resonance peak for all the cases studied here, allowing to excite the resonator in a stable way (rodriguez-Pardo et al. 2004) . The VcO utilized (74hcT4046) cannot deliver a sinusoidal waveform but a square wave signal instead. The
purpose of the low pass active filter shown in the schematic of Fig. 11 is to filter out all the harmonics present in the square wave. The resulting waveform is mostly sinusoidal and suitable to excite the microresonator. Finally, the envelope detector tracks the maximum output voltage of the transimpedance amplifier (Fan et al. 2011) . as can be Fig. 12 , the response of the envelope detector peaks at V in_VcO = 1.5 V and helps to identify the resonance frequency value.
Once the desired VcO input voltage that allows an efficient excitation of the resonator was obtained, the same transient analysis technique that was utilized for the tuning fork resonator can be applied in this case. In this circuit the multiplexer is also controlled by a TTl signal. Besides, in order to obtain the resonant frequency more accurately, a logic comparator was added to the system. Its output is connected to the frequency counter included in the DaQ board. The relevant signals of the circuit are shown in Fig. 13 .
In Table 5 the results obtained with the low-cost electronic circuits and the impedance analyzer in air, 2-propanol and n35 are compared. In order to obtain an accurate measurement of the resolution, each liquid was measured five times to yield the measurement error for each technique and each resonator.
The results demonstrate that the transient response and the frequency response techniques implemented in this work are an accurate method that can be used to determine both the quality factor and the resonant frequency in liquids. In the case of the aln structure in n35 fluid it was hard to obtain an accurate measurement due to noise from the electronic circuit and the resolution limitation of the DaQ board.
Finally, the density and viscosity resolutions were estimated only for the case of the tuning fork resonator (Waszczuk et al. 2011) , since the models used for the aln resonators could not separately solve for viscosity and density.
as can be seen in Table 6 , it is clear that the impedance analyzer holds the lowest error in density and viscosity. however, with regard to the low-cost techniques, it can be observed that the frequency response technique outperforms the transient analysis technique in terms of the measurement error, being the error in the transient response approximately twice as much as in the frequency response for the viscosity value of the n35 fluid.
Conclusions
Quartz tuning forks and aln-based extensional resonators have been characterized in liquids with a broad range of densities and viscosities. Two important parameters have been measured using an impedance analyzer: the quality factor and the resonant frequency. In order to measure the liquid viscosity and density, a calibration of a tuning fork sensor was performed using a theoretical model. For the aln resonator, a simplified model was considered, allowing to obtain a relationship between quality factor and viscosity, when density is assumed to be constant.
Measurement results show a linear correlation over a very wide range of viscosities from 0.5 to 56 cP. In conclusion, we have demonstrated the performance of both resonators in oils and diesel mixtures as well as in diesel/biodiesel blends. The quality factor measured for both resonators was very similar for all fluids under test.
In this work, measurements were completed with the development of low-cost electronic circuits and a Pc-based virtual instrument. Besides, the resonance frequency and the quality factor were deduced from both the transient response and the open loop frequency response. Once these two parameters are known, the viscosity and density of the fluids under test can be determined, requiring only a small amount of test liquid.
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